The cationic ruthenium-hydride complex, formed in-situ from the treatment of the tetranuclear ruthenium-hydride complex {[(PCy3)(CO)RuH]4(μ4-O)(μ3-OH)(μ2-OH)} with HBF4·OEt2, was found to be a highly effective catalyst for the intermolecular coupling reaction of arylketones and 1-alkenes to give the substituted indene and ortho-C-H insertion products. The formation of the indene products was resulted from the initial alkene isomerization followed by regioselective ortho-C-H insertion of 2-alkene and the dehydrative cyclization. The preliminary mechanistic studies revealed a NOT THE PUBLISHED VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page.
Electrophilic late transition metal complexes have been found to be highly effective in mediating unreactive C-H and C-C bond activation reactions, the activity and selectivity patterns of which are often complementary to their neutral counterparts. 1 In a series of seminal reports, electrophilic Pt, Hg and Pd catalysts have been successfully developed and utilized for Shilov's C-H oxidation and functionalization reactions of alkanes and other hydrocarbons. 2 Extensive research on electrophilic Pd and Pt complexes have also led to a detailed mechanistic understanding on the alkane oxidation reaction, 3 as well as to the applications in the synthesis of complex organic molecules. 4 Most notably, electrophilic Pd and Pt catalysts have been found to be effective for a number synthetically useful coupling reactions involving C-H bond activation. 5 Remarkable activity of cationic Ru and Ir complexes toward C-C bond activation reactions have also been demonstrated under stoichiometric conditions. 6 Our own interest in electrophilic late metal catalysts stemmed from the recent discoveries that cationic ruthenium-hydride catalysts are highly effective in promoting both hydrogenation reactions, 7 as well as for selective coupling reactions involving C-H and N-H bond activation. 8 We have been searching for suitable ways to generate catalytically active electrophilic ruthenium-hydride complexes and to explore their activity for the C-H bond activation reactions. This report delineates in-situ generation of the cationic ruthenium-hydride catalyst from the protonation reaction of tetranuclear ruthenium complex {[(PCy3)(CO)RuH]4(μ4-O)(μ3-OH)(μ2-OH)} (1), 9 and its unusual activity and selectivity pattern toward the coupling reaction of arylketones and alkenes involving C-H bond activation.
(1)
Initially, catalytic activity of electrophilic ruthenium complexes was surveyed for the coupling reaction of acetophenone and 1-hexene.
1-Hexene was chosen because it is normally not considered a suitable
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substrate for the chelate-assisted ortho-C-H insertion reaction pioneered by Murai and coworkers (eq 1). 10 Remarkably, the catalytic activity of 1 was "turned-on" upon the addition of HBF4·OEt2 (2 equiv/Ru atom) to give a ∼1:1 mixture of the substituted indene product 2a and the ortho-C-H insertion product 3a (Table 1) . 11 Other selected ruthenium and rhenium catalysts were ineffective for the coupling reaction, giving only acid-catalyzed aldol condensation products. The structure of the coupling product 2a revealed an unusual alkene insertion regioselectivity. The product 2a, whose structure was completely established by 2-D NMR techniques, showed two methyl groups with 2-propyl group on the indenyl ring, even though 1-hexene was used as the substrate. While a conceptually similar dehydrative coupling reaction of imines and alkenes was reported by Takai and co-workers, 12 to the best of knowledge, the formation of substituted indenes from the coupling reaction of ketones and alkenes has not been achieved before. The scope of the coupling reaction was explored by using 1/HBF4·OEt2 catalytic system (Table 2) . Arylketone with an electronwithdrawing group was found to marginally favor the formation of the NOT THE PUBLISHED VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page.
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indene product 2 (entry 2), while the ketone with sterically demanding group tended to increase the formation of the ortho-C-H insertion product 3 (entry 4, 5). The coupling reaction with both ethylene and 2-butene formed the same products 2j and 3j rapidly within 1 h (entry 10, 11), and this observation can be rationalized by the ethylene dimerization and 1-butene to 2-butene isomerization prior to the coupling reaction. In all cases, high regioselectivity in forming the substituted indene product 2, and a mixture of the double bond isomers is formed for unsymmetric products such as 2h, 2i and 2l (entry 8, 9 and 13). In contrast, the coupling reaction with styrene predominantly gave the ortho-alkenyl product 4k (entry 12), which is likely resulted from the vinyl C-H bond activation. The reaction with a benzocyclic ketone such as α-tetralone gave the ortho-C-H insertion product 3o exclusively (entry 16).
(2)
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d8 with 1-hexene. These results indicate a rapid and reversible ortho-C-H bond activation step. (2) Carbon isotope effect was measured from the coupling reaction of 2-acetonaphthone and 1-hexene by employing Singleton's isotope measurement technique at natural abundance. 13 The 12 C/ 13 C ratio of unreacted 2-acetonaphthone isolated at 71% conversion was compared with the virgin sample. The most pronounced carbon isotope effect was observed at the ortho-arene carbon atom of 2-acetonaphthone ( 12 C/ 13 C at C (3) = 1.020 with C (7) as the internal standard, average of 3 runs) (Table S1 , Supporting Information). + on the basis of these spectroscopic data. Furthermore, the in-situ formed complex was found to be an active catalyst for the coupling reaction.
While details of the reaction mechanism remain unclear, these preliminary results suggest a mechanism involving a rapid and reversible ortho-C-H bond activation followed by the rate-limiting olefin insertion step for the coupling reaction (Scheme 1). We propose that the cationic ortho-metalated complex 5, formed from the ortho-C-H bond activation of an arylketone and the reductive elimination of an alkane, is the key species for the coupling reaction.
14 The regioselective insertion of 2-alkene to 5 and the subsequent cyclization and dehydration sequence can be envisioned for the formation of 2. The observation of significant carbon isotope effect on the ortho-arene carbon of an arylketone substrate supports the notion that the C-C bond-forming step involving the migratory insertion of 2-alkene to the ortho-metalated species 5 is the rate-limiting step of the coupling reaction. Electrophilic nature of the ruthenium-hydride catalyst appears to be an important factor in mediating the coupling reaction, in that the cationic ruthenium catalyst would promote the dehydrative cyclization steps by facilitating strong dative bonding interaction with the ketone oxygen atom. Heteroatomchelated ortho-metalated late transition complexes have been widely considered to be the key intermediate species in both Murai-type of C-H/olefin insertion and oxidative C-H arylation reactions. 15 The cationic nature of the ruthenium-hydride catalyst would also be proficient in mediating the isomerization of terminal alkenes, and in this regard, the activity of electrophilic ruthenium catalysts towards alkenes isomerization and other coupling reactions has been well-documented in the literature. 16 Detailed kinetic and mechanistic investigations are currently underway to further discern the electrophilic nature of the ruthenium-hydride catalyst on the coupling reaction. immediately prior to use. The NMR solvents were dried from activated molecular sieves (4 Å).
Supporting Information
Regioselective Intermolecular Coupling Reaction of Arylketones and Alkenes
All organic substrates were received from commercial sources and used without further purification. The 1 H, 2 H, 13 C and 31 P NMR spectra were recorded on a Varian 300 or 400 MHz FT-NMR spectrometer. Mass spectra were recorded from a Agilent 6850 GC/MS spectrometer.
The conversion of organic products was measured from a Hewlett-Packard HP 6890 GC spectrometer. Elemental analysis was performed at the Midwest Microlab, Indianapolis, IN.
Representative Procedure of the Catalytic Reaction. In a glove box, complex 1 (30 mg, 17.7 µmol) was dissolved in chlorobenzene (3 mL) in a 25 mL Schlenk tube equipped with a
Teflon screw cap stopcock and a magnetic stirring bar. The tube was brought out of the box, and HBF 4 ·OEt 2 (20 µL, 0.14 mmol) was added to the reaction tube under a stream of nitrogen gas.
The tube was brought into the glove box, and both ketone (1.0 mmol) and alkene (10 mmol) substrates were added to the tube. The tube was brought out of the box, and was stirred for 15 h in an oil bath which was preset at 110 °C. After the tube was cooled to room temperature, the solution was filtered through a short silica plug (hexanes/EtOAc = 2:1) in air, and the solution was analyzed by GC. Analytically pure organic product was isolated after a simple column chromatography on silica gel (hexanes/EtOAc). atmosphere. The tubes were brought into the glove box, and 2-acetonaphthone (0.60 g, 3.5 mmol) and 1-hexene (3.0 g, 36 mmol) were added to each tubes. The tubes were brought out of the box, and were stirred in an oil bath which was preset at 110 °C for 10 and 14 h, respectively.
Detection of the
The tubes were immediately cooled. After filtering through a small silica gel column (hexanes/EtOAc = 2:1) in air, the product conversion was determined by GC (71% and 78% conversion). Unreacted 2-acetonaphthone was recovered by a column chromatography on silica gel (hexanes/EtOAc) for the 13 C{ 1 H} NMR analysis. Table S1 . 
